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Abstract: Ultrafast non-diffractive Bessel laser beams provide strong light confinement and show
robust advantages for fabricating high-aspect-ratio nanoscale structures inside transparent materials.
They take the form of nanoscale voids with typical diameters well below the wavelength and aspect
ratio of more than 1000. Delivering 3D morphologies of such nanoscale voids is an important issue to
evaluate the result for fabrication. However, the characterization of such laser-induced structures is
a difficult task. Here, an accurate and time-saving tomography-like methodology is proposed and
adopted for reconstructing the morphology of high-aspect-ratio nano-holes. The technique allows an
accurate assertion of laser parameters and position on nano-structured features. The reconstructed
configuration reveals that nanoholes morphologies have a close relationship with energy distribution
in the focal region. It suggests that the configuration of micro-explosion can be controlled by laser
energy deposition in the process of laser-matter interaction down to the nanoscale.

Keywords: bessel beam; femtosecond laser; picosecond laser; fused silica; micro-nano hole;
high-aspect-ratio; tomography

1. Introduction

Bessel beam with an intrinsic non-diffracting character contains an intense central core that
stays invariant over a long propagation distance defined by the characteristics of the focusing optics,
outpacing the Gaussian confocal distance in similar conditions [1–5]. The core is surrounded by a
series of successive rings defined by the interference orders of intersecting conical wavefronts. When
encountering an obstacle, the beam can reconstruct itself using the rings reservoir. It thus exhibits
high robustness during propagation [6,7]. These features make Bessel beams attractive in the field
of laser machining. Here specifically, ultra-high aspect ratio (depth/diameter) nanovoids exceeding
1000:1 have been reported using ultrafast micro-Bessel beams [8–10]. They result from a strong
energy concentration due to Bessel exposure, where the relaxation direction occurs perpendicular
to the axis and results in the formation of nano-voids. This structuring process is remarkable by its
dimensions and thus new approaches for the conception of the 3D photonic crystals, phonon crystals,
metamaterials, integrated photonics devices, beam welding, and plasmonic devices could rely on
this unique fabrication technique [11–15]. Typically, these embedded holes have taper-free profiles,
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hundreds of nanometers in diameter and a few hundreds of micrometers in-depth, as reported for
example in fused silica and sapphire [10,16]. Notwithstanding the effectiveness of short pulse duration
Gaussian-Bessel beams for drilling high aspect ratio channels, it is also possible to precisely manipulate
the characteristics of the fabricated holes and to access diverse aspect ratios by regulating the beam
parameters [17–19] or by phase engineering [20,21]. As a prerequisite for optimizing the structure and
the fabrication process, the configuration of the nanohole should be obtained quickly and precisely.

However, despite the interest, it is yet a challenge to obtain full information of the nano-holes
topographies. Optical microscopy including trans-illumination, phase contrast, and differential
interference contrast (DIC) microscopy is an easy and common way to observe the 3D structures
in transparent materials. In addition, the DIC and the phase contrast microscopy can effectively
reveal the variation of the refractive index within the specimen, mapping optical phase variations
into light amplitude variations [22]. The difference between optical images of the sample before and
after water injection can indicate the existence of an embedded channel [8]. Nevertheless optical
microscopy suffers from resolution limits and the accuracy of spatial information stays comparable
to the half of wavelength of the illumination light. Therefore, the diameter information and the
entire configuration of the nano-holes cannot be obtained with sufficient precision. Scanning electron
microscope (SEM) can reveal morphologies with nanometer resolution, therefore, is appropriate for
characterizing the cross-sections (perpendicular to the laser propagation direction) of the nano-holes.
However, they only allow us to explore surface information. In order to get the 3D information of the
nano-holes, for example, sectional and transverse information, SEM, should be utilized combined with
the focused ion beam milling [22,23], which allows us to remove the surface material layer-by-layer
and it is a time-consuming process. For these reasons, an effective and time-saving characterization
method is necessary for optimizing the drilling processes and searching for the responsible mechanism.

In this letter, a time-saving tomography-like investigation of high-aspect-ratio nano-void
configuration is proposed which only needs one-time SEM observation. The constructed image
reveals that the cross-section of a nanohole typically consists of a central hollow void, circumjacent
modified regions, and randomly distributed cracks outside the laser-irradiated region. Using this
method, the dependence of the nano-hole configuration (both inside the material and on the back
surface) on pulse duration and energy of a single pulse has also been investigated.

2. Experimental Setup

2.1. Materials

Polished parallelepiped fused silica block (Corning 7980, Shanghai, China) with a size of
20 mm × 10 mm × 4 mm was used as the sample in our experiments. The surface of the glass sample
was cleaned ultrasonically (PS-20, Jeken, Dongguan, China) with ethanol before laser treatment.

2.2. Preparation of the High-Aspect-Ratio Nano-Holes with Bessel Beams

The experiment is performed with an Yb:KGW femtosecond laser (Pharos, Light conversion)
which has a central wavelength of 1030 nm. The schematic of the beam shaping setup and exposure
geometry is shown in Figure 1a. For a one-time tomography scan, the laser was set to 1 kHz and the
irradiation was synchronized with the sample movement. The displacement between two adjacent
positions is set to be ∆x = 6 µm in x-direction and ∆z = 0.9 µm in the z-direction. All the exposure is
conducted by sequential single Bessel-Gaussian beam pulses, where the variety of the pulse durations
from 250 fs to 6 ps acts as adjusting parameter. No observable inter-influence happened between two
adjacent structures.
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Figure 1. (a) Schematic setup for generating the tomography of high-aspect-ratio nano-hole. The 
dashed line indicates the polishing plane where the cross-section of nanohole is checked with SEM. 
(b) Setup of the Gaussian-Bessel pulse beam processing system. (c) Nano-holes array induced on the 
bottom surface of the fused silica which was revealed by SEM before polishing procedure. (d) 
Simulated linear intensity profiles of the Bessel beam inside the fused silica on axial and radial 
sections. 

Figure 1b shows the Gaussian-Bessel pulse beam processing system used in the experiment. 
The setup basically consists of an axicon with a base angle of 1° to provide a first Bessel region, and a 
demagnifying 4f optical system (with a demagnifying factor of 40) made of a lens (f1 = 400 mm) and 
a microscope objective (20×, NA = 0.4, f2 = 10 mm, Mitutoyo NIR, working distance 20 mm). The 4f 
setup projects the Bessel beam to the sample to obtain a second Bessel region adapted for writing 
[24,25]. The pulse duration varies from 0.25 ps to 6 ps. The Gaussian pulse beams have an initial 
diameter of 7.6 mm. The simulated linear intensity profiles of the Bessel beam inside the fused silica 
on axial and radial sections as shown in Figure 1d. The cone angle of the second Bessel region in the 
fused silica is 12° and the central lobe of the Bessel beam is around 1.2 μm in diameter FWHM. The 
specimen is fixed on a high-precision air-bearing stage (ANT130, Aerotech, Shanghai, China), which 
allows the sample to be moved with high precision relative to the position of the laser beam during 

Figure 1. (a) Schematic setup for generating the tomography of high-aspect-ratio nano-hole. The dashed
line indicates the polishing plane where the cross-section of nanohole is checked with SEM. (b) Setup
of the Gaussian-Bessel pulse beam processing system. (c) Nano-holes array induced on the bottom
surface of the fused silica which was revealed by SEM before polishing procedure. (d) Simulated linear
intensity profiles of the Bessel beam inside the fused silica on axial and radial sections.

Figure 1b shows the Gaussian-Bessel pulse beam processing system used in the experiment.
The setup basically consists of an axicon with a base angle of 1◦ to provide a first Bessel region, and a
demagnifying 4f optical system (with a demagnifying factor of 40) made of a lens (f1 = 400 mm) and a
microscope objective (20×, NA = 0.4, f2 = 10 mm, Mitutoyo NIR, working distance 20 mm). The 4f setup
projects the Bessel beam to the sample to obtain a second Bessel region adapted for writing [24,25].
The pulse duration varies from 0.25 ps to 6 ps. The Gaussian pulse beams have an initial diameter of
7.6 mm. The simulated linear intensity profiles of the Bessel beam inside the fused silica on axial and
radial sections as shown in Figure 1d. The cone angle of the second Bessel region in the fused silica is
12◦ and the central lobe of the Bessel beam is around 1.2 µm in diameter FWHM. The specimen is fixed
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on a high-precision air-bearing stage (ANT130, Aerotech, Shanghai, China), which allows the sample
to be moved with high precision relative to the position of the laser beam during laser processing.
The entire process is monitored by a CCD camera. The bulk exposure ensured embedded structures
for characterization where the relaxation of energy occured were completely under confinement.

Besides the characterization of embedded structures, we are equally interested in a hole morphology
intersecting the surface and, by this, providing a way to relax the inner pressure by the valve-like
opening. Figure 1c shows the nano-holes array on the back surface of the fused silica which was
revealed by SEM before the polishing procedure.

During the procedure besides the pulse duration, various single pulse energies from 0.8 µJ to 9.2 µJ
were employed to study the effect of Bessel beam energy on the morphology of the nano-structure.
This duration/energy combination defines the perimeter of a large landscape of processing conditions.

2.3. Measurement and Characterization

After polishing step the back surface of the sample was characterized using field emission scanning
electron microscopy (SEM, JSM-7500F, JEOL Ltd., Co., Tokyo, Japan). Each time before SEM, an analysis
ultrasound bath with distilled water was used in order to keep the sample clean. Thus the structures
are revealed gradually, constructing their 3D profiles.

Compared to the focused Gaussian beam whose aberration is demonstrated to be strongly related
with the focus depth in bulk material causing laser-modification to be inconstant [26], the demagnified
Bessel beam in the experiment, with a thin toroid on the entrance of objective, is observed to have
negligible aberration fluctuation within millimeter range during focus moving along the z-axis.
The Bessel beam-induced nano-holes with focus position varying in millimeter range in z-axis can be
approximately considered as unaffected by spherical aberration. Previous results showed that Bessel
processing possesses excellent repeatability [27–29]. In a region of several of millimeters on the x-axis,
given the repeatability of the ultrashort pulse structuring, we assume that all the nanoholes are actual
replicas of the central one. The different positions of adjacent holes in z-direction allow us to estimate
that every SEM image shows the structural morphology of the same nanohole at different depth level.
Relative position information of two observation points can be accurately measured and stored by
the location recording function of the SEM system. Thus, the depth information of the hole can be
calculated based on the geometric relationship shown in Figure 1a which is h = l × ∆z/∆x, where l is the
distance on the x-axis between the first and the last hole and h represents the depth of the hole. With
the diameter and depth information, we obtained the profile of high-aspect-ratio nano-hole drilled
with ultrafast Bessel beam can be reconstructed with only one-time SEM analysis. We believe this
is a much more efficient way to analyze the inner structure of nano-holes with relative hundreds of
micrometer-length on z-axis than the traditional characterization methods we mentioned above.

After the exposure with ultrafast laser beams, mechanical milling has been used for revealing
the inside cross-section of the nano-hole (MPD-1, MOWEI, Shanghai, China). With the help of
optical microscopy, polishing depth can be determined with an accuracy of several micrometers.
The mechanically polishing procedure used 1 µm roughness of cerium oxide polishing powder. After
polishing procedure, quick treatment with a low concentration of hydrofluoric acid (soaking in 5%
hydrofluoric acid for 30 s at room temperature) and an ultrasound bath with distilled water and ethanol
have been used in order to remove surface impurities.

3. Reconstruction and Effect of Pulse Duration on the Inside Nano-Structure

Non-diffractive beams can potentially determine a material response that can bypass optical limits
and achieve structural features not limited by optical resolution [6]. The void-like nano-structure
induced by a single-pulse Bessel beam in the fused silica is highly dependent on the laser parameter in
terms of spatial extent. The principal goal of this work is to reconstruct the internal structure of the
nano-hole and reveal the influences of Bessel beam processing of fused silica.
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Pulse duration is a key factor to control the configuration of the nanohole induced by ultrafast
Bessel-Gaussian beam and the reason is related to the efficiency of energy deposition. The laser pulse
of short temporal duration (sub-ps) can trigger significant multiphoton ionization, generating free
electrons at the beginning of the pulse, which would ultimately defocus the rest of the laser pulse,
decreasing the incoming laser energy density along the axis [30–33]. The result is mostly a small
refractive index increase. Nonlinear propagation models together with experimental results showed
that a laser pulse of picosecond pulse length allows for a more efficient deposition of the laser energy into
the sample relying on the dynamics of carrier generation and their light scattering efficiency. Electronic
behavior and excitation profiles allow us to counteract defocusing and concentrate energy. Void-like
regions can be obtained by what is standardly called a microexplosion [34], implying transitions
to dense plasma states, phase transitions, and mechanical rarefaction and decomposition [33,35].
The scenario was verified in bulk fused silica and one example is discussed below.

After the polishing procedure, nano-holes induced by long pulse width beams can be revealed,
as shown in Figures 2 and 3. Figure 2a shows a series of cross-sections of a nanohole inside fused
silica fabricated with a pulse duration of 4 ps and an energy of 8 µJ in Bessel beam configuration.
The maximum diameter is 253 nm, and the length of nanohole is about 111 µm.
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Figure 3. Tomography of the hole drilled by a single ultrafast Bessel beam pulse. Pulse energy keeps
constant at 8 µJ/pulse. Different pulse durations are used, shown in (a–c). Corresponding curves of
nano-holes diameter and relative depth are given above, where (d–g) represent curves for 1 ps, 2.5 ps,
4 ps and 6 ps cases respectively. Take the position of the first hole as zero relative depth.

The insets in Figure 2a shows two magnified images corresponding to the middle and bottom
of the nanohole. The diameters of cross-section indicate there is a relationship between the diameter
of nanovoid and laser peak intensity in the focal region. The structures shown in the insets consists
of three parts: central hollow void, circumjacent modified region, and randomly distributed cracks
outside the laser-irradiated region. The circularly-modified region plausibly comes from the polling
due to thermal wave diffusion and subsequent modification of the silica matrix [35,36]. This region
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is spatially different from the extent of the ring of the Bessel beam since a similar structure has also
been observed with Gaussian beam writing, shown in Figure 2b. The ring size in the bottom picture is
smaller than in the middle picture and the radius of the modification region is dependent on source
energy density. These randomly distributed cracks seem to be not related to the laser polarization. It is
attributed to the stress release after laser irradiation [31,37].

Nonlinear processes involving the formation of nanoholes are sensitive to the pulse duration of
the exposure laser. A series of experiments have been conducted to investigate the configurations of
nanoholes under pulse durations varying from 0.25 ps to 6.0 ps. Figure 3 represents the configurations
of structures written with different pulse durations inside fused silica. We take the position of the first
hole as a zero relative depth point and the general profile of nano-hole can be revealed by the diameter
curve. The relative position on the z-axis of each nano-hole can be read from Figure 3d–g. Compared
to the focal length of the Bessel beam (about 600 µm, shown in Figure 1d), the length of nano-hole was
much smaller which indicates the area over the threshold was concentrated in the central focal region.
Since the relative depth of the nano-hole was less than 160 µm, the length of the observation region on
z-axis only needed to be less than 200 µm. There are three kinds of damage induced by a single ultrafast
laser pulse in fused silica. For the pulse duration of 250 fs and 500 fs, weak exposure generates transient
small density plasma and a very weak structural change in the focal region. Here, after the relaxation of
the glass, the matrix recovers without a measurable refractive index change checked by phase-contrast
microscopy. This kind of exposure can be used to eliminate the nanoscale structural defects under the
surface in optical glass [38]. When the pulse duration increases to 1 ps the nanohole become visible
under SEM. The 2.5 ps pulse reaches the maximum length and the corresponding area of cracks is
also maximum. It can be explained as the a longer temporal duration laser leading to a more efficient
energy deposition, while the relatively low efficiency of plasma defocusing allows concentrating axial
energy, resulting in a strong plasma and high electronic density [35]. This represents an optimum in
energy deposition where light confinement balances smaller photoionization cross-section. The peak
intensity in the focal region decreases for the cases of 4 ps and 6 ps laser pulse. In particular, the length
induced by a 6 ps decreases dramatically in comparison to that of 4 ps pulse. It suggests that the energy
deposit is nonlinear, and the formation mechanism of nanohole is highly nonlinear too. The further
increase of pulse duration significantly limits the excitation effectiveness. These observations underline
the efficiency of the proposed observation method for aberration-free observation micro-region.

The maximum diameters of these internal nano-holes induced with different parameters have been
concluded based on the experimental measurements, shown in Figure 4. We find that the maximum
diameter increases with the increase of the pulse energy. However, there is no straightforward
relationship between the maximum diameter and the input energy due to the character of nonlinear
pulse propagation that creates a complex dependence between input energy and axial energy density.Micromachines 2020, 11, x 8 of 14 
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4. Discussion about Nano-Structure on Exit Surface

4.1. Effect of Pulse Energy and Pulse Width on Exit Surface Nano-Structure

Figure 5 shows the geometrical characteristics of the nano-structure on the back exit surface of
the fused silica sample. The track morphology depends significantly on the pulse duration and pulse
energy. As we can see, the nano-hole structure can only be observed at 0.5–1.5 ps cases. The surface
morphology shows a big difference between the case of pulse duration τ < 1 ps and the case τ > 1.5 ps,
as shown in Figure 5a. For pulses higher than 2.5 ps, we can observe significant signs of melting on the
exit surface [39].
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fixed pulse width of 1.5 ps. Diameters of the nano-holes have been marked in each figure. The relative
spatial positions of the laser beam and the bottom surface are constant.

For pulse durations between 2.5 ps and 6 ps, the material in the center of the laser irradiation area
is melted by long pulse width laser pulses and transferred to liquid phase [36,40]. These materials
flowed out the surface driven by the hydrodynamic movement and internal pressure. After cooling
and re-solidification on the bottom surface, a crater-like structure formed in the irradiated region.
Combining with the results shown in Figures 2 and 3, we considered that the flowing out material,
shown in Figure 5a, covered the hole-structure. The re-solidification material existed around the central
area and the outline of the crater structure become unclear with pulse width increase.

According to the results of the energy scanning experiment shown in Figure 5b for a given pulse
duration of 1.5 ps, the nano-hole structure appears first at 3.8 µJ/pulse case and the diameters of the
nanoholes become larger (from 167 nm at 3.8 µJ/pulse case to 300 nm at 9.2 µJ/pulse) as the laser
energy increases. Based on the diameter of the central lobe (1.2 µm for FWHM), the intensity is about
F = 2.24 J/cm2 for 3.8 µJ/pulse case and F = 5.42 J/cm2 for 9.2 µJ/pulse case. Much more splashes around
the hole indicating that the volume of material flowing out from the inside is larger.
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Figure 6a shows the configurations on the surface without cleaning after laser ablation. Nano-fiber
remains on the surface in Figure 6a and shows the flow of liquid droplet and re-solidification of silica
on the surface, similar to the other observations [41,42]. When the pulse energy goes to 8 µJ, Figure 6b,
the signal of brittle fracture and deposition appear on the periphery of the crater. It is probable that low
energy laser irradiation induces a flow of liquid phase or extending on a limited region, while intense
laser irradiation generates a more energetic liquid extending further away. The expansion drive could
indicate an internal pressure resulting from gas-phase nucleation. The granular remains on the surface
of the crater seem to come from the deposition of the vapor phase [16].
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Figure 6. SEM images of the crater on the back surface of fused silica. The single pulse is (a) 3 µJ and
(b) 8 µJ with a pulse duration of 1ps.

The bottom surface damage threshold of silica material can be obtained from the occurrence of
the damage trace which can be observed by the SEM test, as shown in Figures 1c and 7. In the case of a
pulse width of 0.5 ps, only 0.9 µJ of energy is required to induce the surface damage, while for 6 ps case
3.8 µJ/pulse is needed. Based on the beam size given above, the local fluence for 0.5 ps and 6 ps cases
are F0.5 = 0.53 J/cm2, F6 = 2.24 J/cm2 respectively. The bottom surface damage threshold in the case of
Bessel beam processing seems to increase with the increase of pulse width and this phenomenon is
consistent with the results of [43,44].Micromachines 2020, 11, x 10 of 14 
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4.2. Effect of Relative Position of the Pulse Beams to the Exit Surface on Nano-Structure

Considering the Bessel beam has long nondiffracting length compared to the traditional Gaussian
beam, they can be used for direct-write of feature in the bulk or on the surfaces or through drilling in
transparent materials [27,45]. It is necessary and meaningful to study the effect of the relative position
of the pulse Bessel beams to exit surface on nano-structure morphology and dimension [10].

When the focal plane of the Bessel beam was near the exit surface, the length of the nanohole
increased to about 1.5 times than in bulk in the case of 1 ps and 8 µJ pulse energy. The diameters
of craters on the exit surface also depend on the position of the focus. We sketch the change of the
nanohole’s configuration with the movement of the focus position in the bulk sample. The diameter
increases first and then decreases as the Bessel beam moves out of the bottom surface, shown in
Figure 8a. Region A represents the area where the nano-hole structures were induced by a relaxation
process quasi embedded. The diameter of nano-holes (110 nm) in this region was dramatically smaller
than the other region. The first figure part in Region A reveals the obviously modified zone around
the nano-hole and there were no splashes around. We consider that this nano-hole was induced
by a confined relaxation entraining the softening area on the bottom surface. The mechanical spall
conditions can be relaxed if the solid undergoes fast transitions to the soft or the liquid phase before the
mechanical spall. As the beam continues to move to the surface, there are small amounts of splashes
around the nano-hole combined with sign of brittle fracture and the diameter is still small, see P2 and
P3 in Figure 8b.

Region B represents the area where the nano-hole is induced by the Bessel beam itself. The size of
the hole in this region is much bigger (275 nm) and there were many more splashes around the hole,
shown in P4 in Figure 8b. In the case of P5, the beam almost leaves the bottom surface. The hole size
becomes small (225 nm) combined with fewer splashes. Region C means there is no hole-structure and
the beam leaves the bottom surface. As shown in P6 in Figure 8b, the circumjacent modified region
is similar to that observed in P1, while the central area has no hole-structure but thermal damage
trace. This sign indicates that the surrounding area has been softened by a laser beam while there is no
sufficient energy or internal jet formation for material rupture.

From Figures 3 and 8a, we draw the conclusion that the three-dimensional configuration of the
hole is decided by laser intensity distribution in the bulk sample. The Schematic diagram of confined
micro explosion and jet formation that happened in Region A, Region B, and Region C are shown in
Figure 8c. The theoretical spallation criterion in a solid requires that the elastic energy exceeds the
cohesive energy and Young’s Modulus [46–48]. The softened glass has small Young modulus which
makes the internal material easier to expel [49,50]. Combined with a discussion about the evacuation
of liquid material above, we can draw the conclusion that the amount of splashed material correlates
with the diameter and relates to the local energy density and liquid-phase-transformation plays an
important role in the nanohole formation.
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Figure 8. Effect of the relative position of the pulse beams to the exit surface on nano-structures (a)
Nano-holes diameter corresponding to three different morphology-based region (uniquely colored
zones) of Bessel beam irradiation on the exit surface of fused silica. (b) The nano-structures on
the bottom surface which are induced by 1.5 ps, 8 µJ/pulse single pulse laser beams are presented
corresponding to the different positions. (c) Schematic diagram of confined micro explosion and liquid
expulsion taking place in Region A, Region B, and Region C. The dot green line shows the symmetry
plane of the Bessel beam, located in the middle of the interference region. The red line represents the
bottom of the laser-modified region, which surrounds the nano-hole.

5. Conclusions

A convenient solution has been introduced for obtaining 3D tomography-like characterization
of high-aspect-ratio nano-holes drilled with ultrafast Bessel beams. Extended information about the
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nano-holes has been revealed in detail with the help of this quick method. The dependence of the
nano-holes morphologies on pulse duration and energy of single pulses have been investigated in
the experiment. The effect of the relative position of the pulse beams to the bottom interface on the
nano-structure has been discussed. Liquid expulsion has been observed which indicates liquid is
involved in the formation process of nano-holes. The morphological characterization revealed several
formation mechanisms of bottom surface nano-hole structure, which is of great significance to further
reveal the laser-material-interaction mechanism on the interface. The reconstructing configuration
reveals that the morphology of the nano-hole has a close relationship with energy distribution in
the focal region. This optimization of laser parameters will improve the accuracy of manufacturing
nano-structures and nano-devices in transparent dielectric materials.
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